Mass and top-down analyses of 150-kDa monoclonal immunoglobulin gamma (IgG) antibodies were performed on an Orbitrap analyzer. Three different sample delivery methods were tested including (1) infusion of an off-line desalted IgG sample using nano-electrospray; (2) on-line desalting followed by a step elution with a high percentage of organic solvent; and (3) reversed-phase HPLC separation and on-line mass and top-down analyses of disulfide isoforms of an IgG2 antibody. The accuracy of mass measurements of intact antibody was within Ϯ2 Da (15 ppm). The glycoforms of intact IgG antibodies separated by 162 Da were baseline resolved. In-source fragmentation of the intact antibodies produced mainly 115 residue fragments including N-terminal variable domains of heavy and light chains. The sequence coverage (the number of cleavages) was greatly increased after reduction of disulfide bonds and HPLC/MS/MS analysis of light and heavy chains using collisioninduced dissociation in the ion trap of the LTQ-Orbitrap. This is an attractive alternative to peptide mapping for characterization and monitoring of post-translational modifications attributed to minimal sample preparation, high speed of the mass/top-down analysis, and relatively minor method-induced sample modifications. [1, 2] . This has resulted in a strong need for a highthroughput methods for analysis of different antibody drug candidates. Mass spectrometry has become one of the most powerful techniques for the structural characterization of monoclonal antibodies (mAbs) [3] . Traditionally, structural characterization of mAbs has been performed by a "bottom-up" approach after first digesting them to peptides [4 -6]. Unfortunately, enzymatic digestion is a laborious, time-consuming process and it often introduces artificial modifications, such as cyclization of N-terminal glutamine and deamidation [5, 7] . Alternatively, protein molecular mass analysis is relatively fast, does not require lengthy sample preparation, and induces fewer, if any, modifications [8] compared with the peptide mapping [5, 7] . Analysis of intact monoclonal IgG antibodies and their large domains has been reported for matrix-assisted laser desorption/ ionization (MALDI) and electrospray ionization (ESI) sources and almost all mass analyzers including MALDI-time of flight (TOF) [9 -11], ESI quadrupole (Q) [4, [12] [13] [14] , ion trap [15] , orthogonal TOF [8, 11, 16, 17] , and the LTQ-Orbitrap during direct infusion [18] . Although a mass change in a population of mAbs can be used to monitor post-translational modifications [8] , it cannot reveal the site of modification. For that purpose, fragmentation of intact proteins, also known as "topdown" mass spectrometry, has been developed during the past decade [19 -25] 
B
ecause of their predictable properties, controlled function and long circulation lifetime, monoclonal human immunoglobulin gamma (IgG) antibodies have emerged as a popular therapeutic modality [1, 2] . This has resulted in a strong need for a highthroughput methods for analysis of different antibody drug candidates. Mass spectrometry has become one of the most powerful techniques for the structural characterization of monoclonal antibodies (mAbs) [3] . Traditionally, structural characterization of mAbs has been performed by a "bottom-up" approach after first digesting them to peptides [4 -6] . Unfortunately, enzymatic digestion is a laborious, time-consuming process and it often introduces artificial modifications, such as cyclization of N-terminal glutamine and deamidation [5, 7] . Alternatively, protein molecular mass analysis is relatively fast, does not require lengthy sample preparation, and induces fewer, if any, modifications [8] compared with the peptide mapping [5, 7] . Analysis of intact monoclonal IgG antibodies and their large domains has been reported for matrix-assisted laser desorption/ ionization (MALDI) and electrospray ionization (ESI) sources and almost all mass analyzers including MALDI-time of flight (TOF) [9 -11] , ESI quadrupole (Q) [4, [12] [13] [14] , ion trap [15] , orthogonal TOF [8, 11, 16, 17] , and the LTQ-Orbitrap during direct infusion [18] . Although a mass change in a population of mAbs can be used to monitor post-translational modifications [8] , it cannot reveal the site of modification. For that purpose, fragmentation of intact proteins, also known as "topdown" mass spectrometry, has been developed during the past decade [19 -25] using mainly high-resolving power Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometers. Combination of intact protein mass measurement and top-down fragmentation analysis provided useful information about sites of posttranslational modifications (PTMs) in several studies including oxidation of viral prolyl-4-hydroxylase [20] and deamidation of ribonuclease A [23] , to name a few. Discovery of the Orbitrap analyzer [26] and its first commercialization as a hybrid linear quadrupole ion trap-Orbitrap mass spectrometer (LTQ Orbitrap, Thermo Scientific, Bremen, Germany) provided many laboratories with the opportunity to achieve high mass resolution without a superconducting magnet and its special and expensive maintenance. The LTQ-Orbitrap was used for top-down analysis of intact monoclonal IgG antibodies [27] and their light and heavy chains [18] during direct infusion as well as on-line with HPLC [3] . In addition, top-down (tandem mass spectroscopy, MS/MS) analysis of antibody chains was performed using a q-TOF mass spectrometer during direct infusion [28] , and on-line with HPLC using in-source N-terminal fragmentation on an orthogonal-TOF instrument [29] . During production and formulation of a mAb, it is important to separate and quantify all isoforms of therapeutic antibody with different PTMs to further identify the sites of the modifications and their impact on potency, stability, and other critical attributes of the therapeutic molecules. To avoid time-consuming and costly fractionation and fraction collection and subsequent peptide mapping of the separated isoforms, it is very attractive to separate the intact protein isoforms by liquid chromatography and then perform on-line mass and top-down analyses to determine the sites of modifications and their abundances in one short assay. In the previous work by Zhang and Shah the modifications inside the variable domains of antibodies were successfully characterized by a simple top-down method on the Orbitrap analyzer [27] . However, mass measurement of the intact antibodies was usually performed on a separate TOF analyzer, limiting the throughput of the analysis. Therefore, it was desirable to combine the mass measurement and the top-down fragmentation analysis of a mAb in one automated procedure. This report describes a step toward implementation of such analysis of human monoclonal antibodies and their large subunits (light and heavy chains after reduction of disulfide bonds) using the LTQ Orbitrap. We report mass measurements and top-down fragmentation analyses of intact and reduced IgG antibodies on the LTQOrbitrap connected to reversed-phase HPLC.
Experimental

Materials
The recombinant monoclonal IgG1 and IgG2 antibodies analyzed in this study were produced and purified at Amgen using standard manufacturing procedures. Water and acetonitrile (ACN) were obtained from VWR International (West Chester, PA, USA). Formic acid (FA) and trifluoroacetic acid (TFA) were from Pierce (Rockford, IL, USA). Guanidine HCl (GdnHCl) was obtained from Mallinckrodt Baker (Phillipsburg, NJ, USA).
Reduction and Alkylation Procedure
One IgG2 antibody used in this study was reduced and alkylated according to the procedure described in Rehder et al. [30] . Briefly, the antibody was diluted to 2 mg/mL using a buffer including 7.5 M GdnHCl, 0.1 M Tris-HCl (Sigma, St. Louis, MO, USA), and 1 mM ethylenediaminetetraacetic acid (EDTA, Sigma) at pH ϭ 7.5 to a volume of 0.5 mL. The sample was reduced with dithiothreitol (DTT, Sigma) and alkylated with iodoacetic acid (IAA, Sigma). The buffer (0.5 mL) of the reduced and alkylated protein was exchanged into 1 mL of 10 mM sodium acetate (J. T. Baker, Phillipsburg, NJ, USA) solution at pH ϭ 5.0 to a final protein concentration of 1 mg/mL. Buffer exchange was performed using a NAP-5 gel-filtration column packed with Sephadex G-25 medium (Amersham Pharmacia Biotech, Orsay, France) following the manufacturer's recommendations. Alternatively, instead of using buffer exchange, the reduced and alkylated sample was simply diluted 2-fold in 20 mM sodium acetate (pH ϭ 5.0) to lower the pH and dilute guanidine-HCl to prevent its crystallization in the autosampler at 4 -8°C.
Nano-ESI Infusion, Step Elution, and RP HPLC
Three different sample delivery systems were implemented as follows. First, nano-ESI infusion was performed with a solution containing 3.5 g/L of antibody in a ratio of 50:49:1 of acetonitrile:water:formic acid, respectively. Second, step elution from a 10 ϫ 2 mm (length ϫ diameter) reversed-phase guard column (Vydac C-4) was carried out using 95% acetonitrile, 0.02% TFA, and 0.08% formic acid at 0.2 mL/min. Third, reversed-phase (RP) chromatography of intact and reduced antibodies was performed on an Agilent 1100 Capillary HPLC system with a Zorbax SB300 300-Å pore size, 3.5-m particle size, 50 ϫ 1-mm column maintained at 75°C, and 50 L/min flow rate. The mobile phase was water with 0.1% (vol/vol) TFA (solvent A) and 90% (vol/vol) n-propanol (Burdick & Jackson, Muskegon, MI, USA), 9.9% (vol/vol) water, and 0.1% (vol/vol) TFA (solvent B). The elution gradient was from 21 to 27% B over 20 min for intact and from 21 to 27% over 40 min for reduced mAbs. Other details of the RP HPLC were described elsewhere for analysis of intact [31, 32] as well as reduced and alkylated [30] mAbs. The column eluate was analyzed by the on-line UV detector at 214 nm and then directed to mass spectrometric analysis.
LTQ Orbitrap
For the analysis of intact mAbs using nano-ESI infusion, a Thermo Scientific Nanospray I source was used equipped with an emitter with an external conductive coating and a 4-m-diameter tip (PicoTip, New Objective, Inc., Woburn, MA, USA). The instrument was operated with a spray voltage of 1.4 kV, a capillary voltage of 35 V, a capillary temperature of 250°C, a tube lens voltage of 220 V, an Orbitrap target value of 10 6 , and an Orbitrap resolving power of 15,000 (at m/z ϭ 400). For on-line analysis after step elution and RP HPLC, the LTQ Orbitrap mass spectrometer was equipped with the regular Ion Max ESI/API source (Thermo Scientific). The source was operated using elevated voltages and temperature in the atmospherevacuum interface: a capillary voltage of 140 V, a tube lens of 250 V, a temperature of 350°C, a sheath gas flow of 50 units, and an auxiliary gas flow of 8 units. One scan included three microscans with maximum injection time of 500 ms. Other Orbitrap parameters optimal for IgG mass measurement used a resolving power of 7500 (at m/z ϭ 400), an automatic gain control (AGC) target value of 10 6 , and each scan including five microscans with the Fourier transform mass spectrometry (FTMS) maximum injection time of 500 ms. The method included one FTMS high mass range scan within m/z 1000 -3500 for mass measurement and one FTMS normal mass range scan within m/z 400 -2000 with source fragmentation energy of 75 V for top-down fragmentation analysis. The fragmentation spectra were acquired at the instrument-resolving power of 60,000 (at m/z ϭ 400), an AGC target value of 10 6 and each scan including five microscans with the FTMS maximum injection time of 500 ms. Data acquisition for the molecular ions and fragments was performed in profile mode. Although abundant fragments were observed during insource collision-induced dissociation (CID) of intact antibodies, better sequence coverage for light and heavy chains was usually achieved when a true MS/MS (isolation and fragmentation of parent ions in the ion trap) was performed because of reduced interference of an MS/MS experiment.
For analysis of heavy and light chains, the atmospherevacuum interface throughput of the Ion Max ESI/API source was optimal with the capillary at 14 V, tube lens at 120 V and temperature at 350°C. In-trap CID was used because it produced better fragmentation and sequence coverage compared with in-source dissociation. The method included one Orbitrap (FTMS) high mass range scan (m/z ϭ 600 -3000) with resolving power of 60,000 (at m/z ϭ 400) and an AGC target value of 5 ϫ 10 5 followed by one MS/MS normal mass range scan (m/z ϭ 350 -2000) with the same Orbitrap resolving power and an AGC target value of 5 ϫ 10 5 . Each scan included five microscans with the FTMS maximum injection time of 1500 ms. The MS/MS scan was performed using an isolation width of m/z 100 around the parent ions with m/z ϭ 990. The isolated multiply charged ions were activated using the default CID parameters of 30-ms activation time, a 35% normalized collision energy, and an activation q of 0.25. All work was conducted in the positive-ion mode.
For nano-ESI infusion and step-elution experiments, the Orbitrap analyzer was calibrated in the high mass range (maximum m/z value of 4000) using the calibrant PPG2700 and sodium-TFA cluster ions, respectively. For RP HPLC/MS studies, the Orbitrap analyzer was calibrated in the normal mass range (maximum m/z value of 2000) using the Ultramark calibrant. This calibration was used for both the high mass range MS scans and normal mass range in-source and in-trap MS/MS fragmentation scans.
Data Analysis Software
MagTran [33] and ProMass software programs were used for deconvolution of ESI mass spectra. A program developed at Amgen, MassAnalyzer, was used to automatically assign the fragment ions [34, 35] and to prepare the fragment coverage map [27] . It was also used to calculate the theoretical average masses of the antibodies and their fragments, using atomic weights of elements from organic sources listed in reference [3] .
Results and Discussion
Three different sample delivery approaches were evaluated for intact mAb mass measurement including direct infusion of an off-line desalted IgG sample using nano-electrospray ( Figure 1) ; on-line desalting followed by a step elution with acetonitrile from a short guard column ( Figure 2 ) and reversed-phase HPLC separation of disulfide isoforms of an IgG2 antibody ( Figure 3 and Supplemental Figures S1 and S2, which can be found in the electronic version of this article) and also reduced antibody (Figures 4 -6 ).
IgG Mass Measurements Using Direct Infusion
For direct infusion, the capillary voltage was set relatively low (35 V) to avoid significant fragmentation of the molecular ions. Only minor fragment ions appeared below m/z ϭ 1700 (Figure 1a) . The higher tube lens voltage (220 V) helped transmitting the higher m/z value ions. An Orbitrap resolving power of 15,000 gave the optimal resolution of the glycosylation forms. Human IgG antibodies are glycoproteins containing two identical copies of light chain (LC) and heavy chain (HC) connected by interchain disulfide bonds (Supplemental Figure S2 ). The heavy chain has one conserved N-glycosylation site at asparagine residue 297 (N297) according to the Edelman numbering system. The glycosylation profile typically consists of two biantennary glycans with a variable number of terminal galactose residues [typically from zero (G0) to four (G4), Figure  1c ]. The natural variability in terminal galactose sugar residues resulted in peaks that were 162 Da apart (Figure 1b and c) . The oligosaccharides of IgG molecules do not contain (or contain only a minor percentage) of terminal sialic acid residues. A minor percentage of high mannose, defucosylated and other glycoforms of mAbs were previously reported [30, 36] and may contribute to the background peaks in Figure 1c .
IgG Mass Measurements Using Step Elution
Step elution from a short cartridge provided convenience of on-line desalting and automatic analysis of multiple samples (Figure 2) . After directing salts to waste within the first 4 min, the percentage of acetonitrile through the column was stepped from 0 to 95% and the eluting antibody molecules were ionized and detected by the on-line Orbitrap. Sensitivity and mass spectrometric resolution during the step elution were better than that during the RP HPLC separation, with slow increase of organic solvent described in the following text, probably because of the higher percentage of organic solvent (95% acetonitrile) and the lower percentage of TFA (0.02%) during the step elution, which created more favorable electrospray conditions. IgG1 and IgG2 antibodies typically precipitate in solutions containing Ͼ40% of organic solvent and pH Ͼ 3. Therefore a low pH (pH Ͻ 2.5) is required to maintain the antibodies in solution with a high percentage of organic solvent.
Mass Measurement and Top-Down Fragmentation Analysis of IgG2 Disulfide Isoforms after RP HPLC Separation
The utility of the RP HPLC/MS analysis was illustrated by measuring masses of disulfide isoforms of an IgG2 antibody ( Figure 3 ). Deconvoluted ESI mass spectra of the reversed-phase peaks 1-4 of the intact monoclonal IgG2 antibody (Figure 3c ) revealed identical mass values within the Ϯ2 Da measurement error for the IgG2 disulfide isoforms, supporting previous findings [31, 37, 38] . Using nonreduced peptide mapping of collected fractions, the peaks were previously identified as having the same amino acid sequence and glycosylation, but different disulfide structure at the hinge [37, 38] . The measured masses were within 2-4 Da from the theoretical mass of 147,250 Da using atomic weights of elements from organic sources listed in Zhang et al. [3] .
As expected, formic acid instead of TFA in the mobile phases (used in the nano-ESI and step-elution sample delivery systems) increased the ion abundance and mass spectrometric resolution, but decreased the HPLC resolution of the IgG2 disulfide isoforms and the heavy chain N-terminal forms (described in the following text). The step-elution option is not designed to separate the sample components chromatographically (only to desalt them), and thus it does not require a UV detector to quantify the components. Therefore, for better sensitivity, it can be implemented in micro-and nanoflow formats, for example by using the Advance Plug and Play Nanospray source (Michrom Bioresources, Inc., Auburn, CA, USA). The nano-ESI sample delivery option produced the highest intensity (per injected g) and resolution mass spectrum because of the most effective droplet evaporation, ion formation, and declustering inherent to the nano-ESI process.
In addition to the accurate mass, the top-down fragmentation information was obtained by in-source CID within the same HPLC/MS run (Supplemental Figure S1 ). Although a detailed assessment of fragmentation differences for the disulfide isoforms is still under way and will be presented in a future publication, several general features of the top-down fragmentation analysis should be summarized here. The fragmentation pattern of this IgG2 was similar to the fragmentation pattern of another IgG2 antibody published previously [27] and several other IgG1 and IgG2 antibodies analyzed in the course of this study (data not shown). The most prominent fragments were large 12-kDa fragment ions containing N-terminal variable regions of the light and heavy chains (Supplemental Figure S1) , similar to the fragments of the other mAb described in Zhang and Shah [27] . The cleavage sites for these fragments were located in the loop between the variable and conserved domains of light and heavy chains shown in red in Supplemental Figure S2 . Supplemental Figure S2 shows the most complete available highresolution (2.7 Å, Protein Data Bank entry 1HZH) crystal structure of an IgG1 antibody [39] . Because no crystal structure of any IgG2 has been obtained to date, we used this available IgG1 crystal structure to visualize the cleavage sites. IgG2 and IgG1 are very similar in primary structure and several other biochemical properties, strongly suggesting similarity in three-dimensional structure as well. Several IgG1 and IgG2 antibodies were analyzed in this study to show abundant fragmentation in the same conserved interdomain linker region shown in Supplemental Figure S1c .
It is interesting to note that fragmentation of the heavy chain was more abundant when acetonitrile was used in the mobile phase (Supplemental Figure S1b ) compared with the fragmentation during elution with n-propanol (Supplemental Figure S1a) . The same column temperature and similar mobile-phase conditions were used in both cases. An even higher abundance of heavy chain fragments was obtained when an IgG2 antibody was step-eluted with 95% acetonitrile (data not shown). The observed difference in top-down fragmentation pattern suggested that there may be a difference in folding of the molecules eluting from the column in the presence of acetonitrile and npropanol. The higher abundance of the heavy chain fragments for acetonitrile suggests that eluted molecules were more loosely folded and are more susceptible to fragmentation in the case of acetonitrile. The ESI charge envelope was slightly shifted to lower m/z and higher charge states for acetonitrile, supporting the hypothesis about the less folded and a more open structure in acetonitrile that carries a larger number of charges (protons).
RP HPLC/MS/MS Analysis of Light and Heavy Chains after Reduction of Disulfide Bonds
The interchain disulfide bonds between the heavy and light chains and also intrachain disulfide bonds inside the chains hold the structure together and suppress the fragmentation in IgG1 (data not shown) and IgG2 antibodies analyzed in this study. As a result, the top-down analysis of intact antibody molecules provided poor structural resolution with a relatively small number of cleavages. After reduction and alkylation of the disulfide bonds, HPLC/MS/MS analysis revealed accurate masses of the light chain and two heavy chain variants and also increased the number of fragmentation sites and sequence coverage (Figures 4 -6 ). Using an Orbitrap resolving power of 60,000 at m/z 400, isotopic resolution was achieved for the light chain with an average MW 23,647 (Figure 4c) . Isotopes of the heavy chain could not be resolved at any resolving power during our studies. The mass spectra provided useful mass information and closely matched the calculated masses of heavy chain sequence with N-terminal glutamine (Q-HC, earlier eluting) and pyro-glutamic acid (pE-HC, later eluting in Figure 4) . N-terminal cyclization is a common modification in IgGs and requires monitoring together with other modifications.
In-trap CID of the light and heavy chains ( Figure 5 ) produced a better sequence coverage compared with that of in-source dissociation (not shown). The reason for the better sequence coverage when applying in-trap CID was likely a result of the reduced noise in the spectrum achieved by isolating an m/z 100 range of the precursor ions. The signal to noise was lower for the in-source CID, when all ions from the entire m/z range were fragmented. Monoclonal antibodies against different antigens (targets) have different sequences and slightly different numbers of amino acid residues in the variable regions. Depending on the sequences of the variable regions, the masses of heavy and light chains are typically within 1 kDa from the average mass values of ϳ51 and ϳ23 kDa, respectively. The m/z 100 isolation window from m/z 940 -1040 contained several abundant multiply charged ions of light chain (typically 23ϩ, 24ϩ, 25ϩ) and heavy chain (typically from 49ϩ to 54ϩ). Selection of a large isolation width (m/z 940 -1040) was an attractive option because it provided a universal fragmentation parameter for light and heavy chains of different mAbs (against different antigens) with different masses. This enabled an automated analysis of different IgG molecules without a prior knowledge of their masses. Using the maximal allowed isolation width of m/z 100, it was possible to reliably isolate and perform an automated MS/MS analysis of chains from any monoclonal IgG antibody. Using a large isolation width, however, calls for complete chromatographic separation of isoforms. For those experiments where complete chromatographic separation could not be achieved, an isoform of interest was isolated with a width of m/z 10 (data not shown), similar to the procedure described by Macek et al. [22] . This approach of using a narrow isolation window has an advantage, because it minimizes the need for chromatographic separation of protein variants. On the other hand, it requires a prior knowledge of the mass of protein isoform of interest, which is not practical for an automated high-throughput analysis of different antibodies.
The fragmentation spectrum of the heavy-chain variant with N-terminal glutamine (Q-HC, not shown here) was similar to the fragmentation mass spectrum of the heavy chain with N-terminal pyro-glutamate (pE-HC, Figure 5a ). All b-fragment ions of Q-HC were 17 Da heavier, pointing to the difference between the two heavy chain variants is on the N-terminus. These findings unambiguously indicated that these two variants were attributed to the N-terminal cyclization. In addition to the b-fragment ions containing N-terminal glutamine, the fragmentation mass spectrum of the earlier eluting variant also contained abundant (b-17) Da frag- Figure 6 . Amino acid sequence and fragment coverage maps of (a) the heavy chain and (b) the light chain of the reduced and alkylated IgG2 antibody generated by MassAnalyzer using the collisioninduced dissociation mass spectra in Figure 5a and b. Only the sequences for the frames and conserved regions are provided. The letters "X" indicate complementarity determining regions unique only to this IgG2. ment ions (not shown here). Two reasons may explain these peaks. They could be attributed to the incomplete separation of Q-HC and pE-HC or to the susceptibility of N-terminal glutamine to ammonia loss during fragmentation in the gas phase [30] . The chromatographic peaks for the heavy and light chains provided useful fragmentation coverage (Figure 6 ), which can be potentially used in other applications to identify sites of modifications, even if they are located in the middle of the chains. The majority of the fragments were represented by two or more charged forms ( Figure 5 ). All fragment assignments shown here were automatically generated by MassAnalyzer software (using typically an 8 ppm mass accuracy threshold) and then validated manually by comparing their experimental isotope pattern to the calculated (by MassAnalyzer) theoretical isotope pattern.
Conclusions
Average masses of several 150-kDa intact monoclonal IgG antibody molecules were accurately determined using an Orbitrap analyzer within Ϯ2 Da using the following delivery methods: (1) nano-ESI infusion, (2) step-elution, and (3) on-line reversed-phase HPLC. For online HPLC/MS analysis, both accurate mass and top-down fragmentation data were acquired within a short 20-min reversed-phase HPLC/MS run, using the Orbitrap analyzer alternating between a high mass range scan (for intact protein mass measurement) and a normal mass range scan with in-source fragmentation (for top-down analysis). The method can be used in pharmaceutical applications to establish identity and assess chemical modifications and mutations of therapeutic monoclonal IgG antibodies. The utility was illustrated by characterizing disulfide isoforms of an IgG2 antibody ( Figure 3 and Supplemental Figures S1 and S2) and glutamine and pyro-glutamate variants of a heavy chain (Figures 4 -6) . The glycosylation profile, including several glycoforms with different numbers of terminal galactose residues (n ϫ 162 Da), were determined from mass spectra of intact and reduced IgG antibodies. The use of acetonitrile instead of n-propanol in the mobile-phase increased abundance of heavy-chain top-down fragments, but decreased HPLC resolution.
An initial evaluation indicated that HPLC/MS/MS of light and heavy chains of a reduced and alkylated IgG increased the number of fragmentation sites and structural resolution of analysis (Figures 4 -6) , compared with the top-down analysis of intact IgG. This "middle-down" method was further developed and previously described [40] . Isotopic resolution of the light chain with an approximate MW 23 kDa during on-line RP HPLC/MS analysis was achieved. Although isotopes for the heavy chain (MW 51 kDa) and intact antibody (MW 150 kDa) were unresolved at this time, we are looking forward to resolving them on new generations of Orbitrap analyzers. A future direction is aimed at obtaining more complete structural coverage (cleavage at every residue), which should be possible with additional dissociation methods and further development of Orbitrap technology.
